We have used telluride glass fibers fabricated in house to measure the evanescent-absorption spectra of water, methanol, ethanol, isopropanol, acetone, ethanoic acid, hexane, and chloroform. Furthermore, detection limits of less than 2 vol. % solute were obtained for mixtures of water and methanol, ethanol, isopropanol, acetone, and ethanoic acid. Techniques to reduce the detection limits are discussed.
Introduction
To date most of the optical fibers used in remote absorption-type chemical sensors have been based on silica 1 
'
2 and to a lesser extent on fluoride glass fibers. 3 However, these fibers exhibit significant multiphonon absorption beyond 3 and 4 pm, respectively, and are therefore inappropriate materials for use beyond 4 pum. 4 Because most chemical species possess characteristic vibrational signatures between 2 and 12 pum, alternative longer-wavelength transmitting materials are needed. Chalcogenide glasses are ideal candidate materials because they transmit between 2 and 12 [Lm and therefore encompass the IR region of interest for remote chemical spectroscopy. Chalcogenide glasses are made from mixtures of the chalcogen elements S, Se, and Te, and the addition of other elements such as Ge, As, and Sb facilitates stable glass formation. 5 The use of chalcogenide glass fibers for remote chemical sensing is very promising, not only because of these glasses' optical properties but also because of their chemical durability. Although these glasses cannot be used in strongly basic environments because they undergo chemical attack, there are numerous environments in which they can be used. For example, the glasses do not react with water, unlike fluoride glasses, and can therefore be used in aqueous environments. In addition, the glasses can also be used in acidic and organic environments. Despite these glasses' technological importance, 6 there are only a handful of papers devoted to chalcogenide glass fibers used in remote chemical sensors. 7 -10 In the present paper we demonstrate the application of our own in-house-fabricated telluride glass fibers for recording the absorption spectra of eight liquids: methanol, ethanol, isopropanol, acetone, ethanoic acid, water, hexane, and chloroform. In addition, because the first five chemicals are completely soluble in water, their mixtures with water were also studied, and the respective detection limits are identified. Finally, we make some recommendations to lower the detection limits by optimization of the sensor design.
Experimental
The composition of our glass fibers approached the nominal Ge 30 Asj 0 Se 30 Te 30 composition (at. %). The quality of the elemental precursors is, however, not sufficient to fabricate good-quality fibers. Hence the precursors were further purified in house to remove oxide contamination and other extraneous particles. 1 The purified chemicals were batched in 10-g aliquots in quartz ampoules inside a dry box and under a dry nitrogen atmosphere. The ampoules were evacuated to Torr and then sealed with a methaneoxygen torch. These ampoules were then melted at 900 C for 8 h in a rocking furnace to facilitate melting. The ampoules were then quenched and annealed from approximately 265 C. The rods were removed from the ampoules and subsequently drawn into fibers in a specially designed narrow-hot-zone furnace under a dry nitrogen atmosphere and inside a class 100 clean room. The fibers were drawn at around 400 0 C and at 0.5-2 m/min depending on fiber size. The attenuation of the fiber was measured by the use of the cutback technique with a Fourier transform infrared (FTIR) spectrometer (Bomem DA8), following the technique described by Driver et al.
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The setup for the sensor experiments is shown in Fig. 1 . The light from a broadband glow bar source inside the FTIR was focused onto a 200-pLm-diameter, 1.5-m-long fiber with a 0.21-N.A. off-axis parabolic mirror. Approximately 75 cm from the start of the fiber, an 18-cm section of the fiber was enclosed in a Pyrex cell, which was designed so that liquids could be easily poured into and drained out of the system. Thereafter the fiber was directed back into the FTIR, where a similar parabolic mirror was used to direct the light from the fiber onto a liquid-nitrogen-cooled HgCdTe (mercury cadmium telluride) detector. The baseline spectrum of the fiber was recorded before the addition of the liquids into the cell. The liquids were then poured into the cell, and the spectra were recorded and subsequently referenced to the baseline spectrum. In all cases, 100 scans were recorded, which took approximately 42 s, and the resolution used was 4 cm- 1 .
Two types of sensor experiments were performed. The motivation for the first set of experiments was to see whether we could use our fibers to measure reliable evanescent-absorption spectra. In this case the spectra of eight separate liquids were recorded and compared with the literature data. Table 1 shows a list of the chemicals and their sources. Second, mixtures of water and the liquids methanol, ethanol, isopropanol, acetone, and ethanoic acid were also prepared, and the evanescent-absorption spectra were recorded. The composition of the mixtures is described by the following equation: (1) where A represents the solute, in this case the other liquid, and x = 0, 2, 20, 50, and 100% volume of solute. These solutes were chosen because they are known to be completely miscible with water.
Results
In Fig. 2 , curve (b) shows the measured attenuation spectrum of the 1.5-m length of fiber used in this study. A minimum loss of 0.28 dB/m was obtained at 6.6 pum, and the loss was below 1 dB/m between approximately 5.25 and 9.5 plm. Our fiber attenuation is approximately 5 times lower than the value quoted for the fiber used by Heo et al. 10 There is a trace of a band at 7.9 .m whose presence is attributed to the Ge O combination band. 13 Also shown in Fig. 2 [curve (a)] is the attenuation plot of a fiber coated with an UV-curable acrylate. There are a significant number of absorption bands present that are attributed to the polymer coating.
Figures 3(a)-3(d) show examples of our measured spectra for the pure liquids versus literature data obtained with absorption spectroscopy of the liquids between two salt windows. 1 415 There is excellent agreement between our measured spectra and the literature data. For example, in Fig. 3 (a), we show the major bands in water, that is, the fundamental OH stretching vibration at 3 pm and the H-O-H bending vibration at 6.1 plm. For the alcohols, such as isopropranol, shown in Fig. 3(b) , the bands at 3 and 3.5 pm are due to the fundamental 0-H stretching and the C-H stretching vibrations, respectively. The bands around 7 um arise from the CH, CH 2 , and CH 3 bending vibrations as well as the OH bending vibration. The bands beyond 8 plm are attributed to the C-O stretching vibration. In acetone, the band at 3.3 pm is due to the C-H stretching vibration, the band at 5.86 pum is due to the CO stretching vibration, the 7.36-pRm band is due to the CH 3 bending vibration, and the ketone functional group vibration [C-C(=O)-C] occurs at 8.2 Lm. In glacial ethanoic aid, there are four major absorption bands, which are composed of the C-H and O-H stretching vibrations around 3.3 pi, the C=O stretching vibration at 5.8 pum, the OH bending vibration at 7.1 plm, and the C-O stretching vibration at 7.75 m. The spectrum for hexane is very simple, consisting of three major bands located at 3.4, 6.8, and 7.25 i, which are due to the C-H stretching vibration, the CH and CH 2 bending vibrations, and the CH 3 bending vibrational modes, respectively. The spectrum for chloroform contains only one major band located at 8.2 i, which is attributed to the CH wagging vibration.
Figures 4(a) and 4(b) show the increase in the absorbance of the appropriate vibrational bands with increasing concentration of ethanol and acetone relative to water, respectively. The particular peaks chosen were the most prominent and displayed the least amount of overlap with the peaks from water. In all cases a minimum value of 2 vol. % solute was readily discernible. Also, it is evident that the peak position shifts with increasing concentration of solute. Table 2 lists the peak position and the absorbance versus the concentration of solute for all the mixtures investigated. Figure 5 shows a representative plot of the peak height (absorbance) versus the concentration of ethanol. All the spectra displayed a linear relationship between absorbance and the concentration of solute.
Figures 6(a) and 6(b) display the variation in the peak position versus concentration of ethanol and acetone in water, respectively. All the solutions exhibit a linear dependence of peak position on solute concentration except for ethanoic acid, where there appears to be some anomalous behavior. This behavior may be related to the significant overlap between the peaks comprising the doublet, therefore making the peak position difficult to ascertain accurately. However, this problem potentially can be solved by deconvolution of the bands. The appropriate peaks all shift to shorter wavelengths with increasing alcohol content, whereas the specific peak in acetone shifts to longer wavelengths with increasing acetone content.
Discussion
We have used evanescent-wave coupling to record the IR absorption spectra of methanol, ethanol, isopropanol, acetone, ethanoic acid, water, hexane, and chloroform between 3 and 11 pm with our in-housefabricated telluride glass fiber. The results are in excellent agreement with the literature data and highlight the wide transmission window of the telluride fibers. All the chemicals possess major vibrational bands above 6 pi, which are readily accessible by the use of chalcogenide glass fibers but not silica or fluoride glass fibers. Also, the fibers did not exhibit any reaction with these liquids, further emphasizing their inert chemical nature.
Mixtures of water and methanol, ethanol, isopropanol, acetone, and ethanoic acid exhibited a linear relationship between the appropriate peak intensity and the concentration of solute. In all cases the minimum detection limit was 2 vol. % of solute, although no attempt to try a 1 vol. % solute concentration was made. These are the lowest detection limits reported for such mixtures with IR evanescentabsorption spectroscopy, to our knowledge. Our detection limit of 2 vol. % acetone in water was lower than the limit of 5 vol. % reported by Heo et al. 10 The difference is attributed to the fact that we analyzed the peak centered at 8.2 pm, which was due to the ketone functional group [C-C(=O)-C], and not the peak at 5.85 pm, which was due to C=O. The problem with the peak at 5.85 pum was that for small concentrations of acetone, this band is obscured by the 6.1-pm absorption band because of the bending vibration of water molecules. Also, our detection limit of 2 vol. % ethanol in water is lower than the 20 vol. % quoted by Zhang et al. 9 and the 5 vol. % shown by Heo et al. 10 Another reason for our improved detection limits might be related to our slightly longer evanescent path length of 18 cm compared with the literature values of 10 and 15 cm in Refs. 9 and 10, respectively.
The shift in the peak positions versus the solute concentration shown in Fig. 6 is attributed to hydrogen bonding in the mixtures. Similar shifts have been observed by Zhang et al. 9 for their ethanolwater mixtures and by Heo et al. 0 for their acetonewater and ethanol-water mixtures.
To make recommendations to improve the design of the sensor, one must first look at the theory for evanescent-wave absorption. From attenuated total reflection theory, it is known that the evanescentwave intensity E is described by an exponential decay functions: (2) where z is the distance normal to the optical interface and y is the attenuation coefficient given by
where 0 is the angle of incidence; n 2 = n 2 /nl, with n 2 as the medium refractive index and n as the fiber refractive index (n 2 < n); and Al is the wavelength of light. Total internal reflection occurs between r/2 and the critical angle O,, where
The parameters that constitute y are extremely impor- tant in sensor design, because it is evident from Eq. (2) that lowering y will increase the intensity of the evanescent wave (E). From Eq. (3), this can be achieved in two ways. First, as the index of the medium approaches that of the fiber, more light becomes available to interact with the medium. Second, y decreases with wavelength, indicating that the evanescent-wave absorbance becomes more favorable in the IR versus the UV and the visible regions.
H1,

Iki
Unlike a simple attenuated total reflection experiment, a multimode fiber optic supports many differ- ent angles of propagation greater than the critical angle 0. Now the 0 in Eq. (3) is distributed between iT/2 and 0,, with the higher-order modes propagating near 0. It can be shown that the power distribution is inversely proportional to V, the normalized frequency1 6 :
where r is the fiber radius; X is the wavelength in free space; 'qp is Pm/Pt, where Pm is the evanescent-field intensity in the external medium and Pt is the total light intensity in the core and the external medium; and k is the proportionality constant. One can use a pseudo Beer's law relationship to take into account the power distribution and determine the transmission loss in a fiber evanescent-field sensor of length L as follows:
where e = 7lpOtc. (8) I is the transmitted intensity in the presence of an absorber, Io is the 100% transmission intensity, c is the concentration of solute, and ec is the Beer's law Vol. % Acetone (b) Fig. 6 . Relationship between the vibrational-band peak position and the concentration of (a) ethanol and (b) acetone in water. molar absorptivity of the external medium. Taking the logarithm of Eq. (7) and rearranging it gives us logl 0 (I 0 /I) = absorbance = aoLc. (9) This indicates that a linear relationship is expected between the absorbance and the concentration of the solute. In fact the data in Table 2 and the plot in Fig. 5 demonstrate the predicted linear relationship between the absorbance and the concentration of solute. Deviations from linearity are possible because of changes in the N.A. that are caused by the change in the refractive index of the water-solute mixture. However, these changes are considered to be negligible because the indices of the liquids are all around 1.3-1.5, which is much smaller than the index of the glass fiber, which is approximately 2.8. Hence the N.A. is unaffected. In addition, from Eq. (9), the absorbance is also proportional to the fiber sensing length. Therefore the sensitivity of the fiber sensor can be increased by the use of a longer path length. This will subsequently lower the detection limit of the solute. Consequently, the question arises as to what length of sensing fiber would be required for a 100 parts in 106 (ppm) detection limit of methanol, for example. If we assume that an 18-cm path-length sensor can detect approximately 1 vol. % methanol, then 18 m of fiber would be required for the sensor to detect 100 ppm of methanol. Because of practical constraints on the length of the sensor, the fiber would obviously be coiled around a small mandrel. In such a case the actual detection limit would be less than 100 ppm because microbending will inevitably redistribute the power from the low-order modes into the higher-order modes, with subsequently greater evanescent penetration. According to Eq. (5), this detection limit would be further enhanced by the use of a smaller fiber radius. Hence the detection limit would be markedly below 100 ppm when one is using 9 m of a 100-pLm-diameter fiber coiled on a mandrel. Also, a fiber with a lower refractive index and therefore a smaller N.A. would also result in greater evanescent penetration into the analyte medium. Furthermore, an antireflective coating on the fiberend faces would serve to increase the amount of light in the fiber and therefore the evanescent penetration. For example, Lucas and Zhang 1 7 have applied heavy metal fluoride coatings on their chalcogenide glasses and observed an increase from 62% to 96% transmittance in the 8-12-pLm region. The addition of reagent-specific coatings to preconcentrate the solute on the fiber surface will also lead to lower detection limits. Finally, we believe that improvements in our fiber quality with the use of optimized processing techniques will lead to lower attenuation in the IR and therefore longer fiber lengths as well as a wider IR transmission window.
Summary
We have used telluride glass fibers fabricated in house to measure the evanescent-absorption spectra of water, methanol, ethanol, isopropanol, acetone, ethanoic acid, hexane, and chloroform. The measured spectra are in excellent agreement with the literature data for these chemicals. Furthermore, mixtures of water and the liquids methanol, ethanol, isopropanol, acetone, and ethanoic acid were also analyzed. As theoretically predicted, we observed a linear relationship between the peak height of the appropriate vibrational bands and the concentration of the solute. The minimum detection limit for these solutes in water was determined to be less than 2 vol. %, and the techniques required for us to lower the detection limits were discussed.
